Mammalian target of rapamycin (mTOR)-directed eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) phosphorylation promotes cap-dependent translation and tumorigenesis. During mitosis, cyclin-dependent kinase 1 (CDK1) substitutes for mTOR and fully phosphorylates 4E-BP1 at canonical sites (T37, T46, S65, and T70) and the noncanonical S83 site, resulting in a mitosis-specific hyperphosphorylated δ isoform. Colocalization studies with a phospho-S83 specific antibody indicate that 4E-BP1 S83 phosphorylation accumulates at centrosomes during prophase, peaks at metaphase, and decreases through telophase. Although S83 phosphorylation of 4E-BP1 does not affect general cap-dependent translation, expression of an alanine substitution mutant 4E-BP1.S83A partially reverses rodent cell transformation induced by Merkel cell polyomavirus small T antigen viral oncoprotein. In contrast to inhibitory mTOR 4E-BP1 phosphorylation, these findings suggest that mitotic CDK1-directed phosphorylation of δ-4E-BP1 may yield a gain of function, distinct from translation regulation, that may be important in tumorigenesis and mitotic centrosome function. 
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Mammalian target of rapamycin (mTOR)-directed eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) phosphorylation promotes cap-dependent translation and tumorigenesis. During mitosis, cyclin-dependent kinase 1 (CDK1) substitutes for mTOR and fully phosphorylates 4E-BP1 at canonical sites (T37, T46, S65, and T70) and the noncanonical S83 site, resulting in a mitosis-specific hyperphosphorylated δ isoform. Colocalization studies with a phospho-S83 specific antibody indicate that 4E-BP1 S83 phosphorylation accumulates at centrosomes during prophase, peaks at metaphase, and decreases through telophase. Although S83 phosphorylation of 4E-BP1 does not affect general cap-dependent translation, expression of an alanine substitution mutant 4E-BP1.S83A partially reverses rodent cell transformation induced by Merkel cell polyomavirus small T antigen viral oncoprotein. In contrast to inhibitory mTOR 4E-BP1 phosphorylation, these findings suggest that mitotic CDK1-directed phosphorylation of δ-4E-BP1 may yield a gain of function, distinct from translation regulation, that may be important in tumorigenesis and mitotic centrosome function.
4E-BP | cyclin-dependent kinase 1 | cap-dependent translation | mitosis | Merkel cell polyomavirus E ukaryotic cells synthesize proteins primarily through capdependent mRNA translation. This process is mediated by a complex of eukaryotic translation initiation factors, eIF4F, which assemble on the 7-methyl-guanosine cap of mRNA (1) . eIF4E occupation of the 5′ cap of mRNA results in the recruitment of eIF4F complex members-mainly eIF4G, eIF4A, and eIF3-which in turn attract the 40S ribosome and the rest of the translation machinery (1) . A set of small binding proteins called eIF4E-binding proteins (4E-BPs)-4E-BP1, 4E-BP2, and 4E-BP3-inhibit cap-dependent translation by interacting with the cap-bound eIF4E (2) . The best-characterized and predominant eIF4E binding protein is 4E-BP1, which has a molecular weight of 15 kDa and is expressed in most tissues (2) . 4E-BP1 competes with the complex scaffold protein eIF4G for the same binding site on eIF4E and prevents eIF4F cap complex assembly and ribosome recruitment (2, 3) .
The PI3K-Akt (protein kinase B) pathway regulates the translation repressor function of 4E-BP1 by activating the mammalian target of rapamycin (mTOR) kinase (2, 3) . Stimulated by metabolic and growth-related signals, mTOR phosphorylates 4E-BP1 and decreases its affinity for eIF4E in favor of translation (3) . Priming phosphorylations at Thr(T)37 and T46 are required for subsequent phosphorylations at T70 and Ser(S)65 (3). Double alanine substitutions of the critical T37 and T46 priming sites render a constitutively active protein that strongly binds eIF4E and is insensitive to mTOR inhibition (4) . Three additional potential phosphorylation sites have been identified-S83, S101, and S112-whose regulation mechanisms remain unclear (5) (6) (7) .
Accumulating evidence indicates that dysregulation of capdependent translation through 4E-BP1 inactivation contributes to malignant transformation (2, 3) . Frequently activated in cancers, the PI3K-Akt-mTOR pathway leads to enhanced 4E-BP1 phosphorylation and thus diminished translation repression activity (8-10); multiple reports have found expression of high levels of phosphorylated 4E-BP1 in tumors (3) . Overexpression of eIF4E transforms cells by enhancing translation of oncogenic mRNA, which can be reversed by ectopic expression of a nonphosphorylatable 4E-BP1 priming site mutant (11) (12) (13) . Resistance of various cancers to mTOR inhibitor treatment indicates that other pathways are implicated in 4E-BP1 inactivation (14) . Several serine/threonine kinases have been shown to phosphorylate 4E-BP1, such as p38 MAPK, ERK, PIM2, ATM, CDK1, PLK1, LRRK2, GSK3β, and CK1e (15) (16) (17) (18) (19) (20) (21) (22) (23) . We recently demonstrated that cyclin-dependent kinase 1 (CDK1) phosphorylates 4E-BP1 at canonical sites T37, T46, S65, and T70 during mitosis and generates a high-molecularweight phospho-isoform called δ-4E-BP1, even in the absence of mTOR activity (24) . Although we have observed active capdependent translation during mitosis, the function of hyperphosphorylated δ-4E-BP1 and its contribution to tumorigenesis remain unknown.
Here we identify a CDK1 phosphorylation site, S83, that is unique to mitotic δ-4E-BP1. 4E-BP1 S83 phosphorylation does not participate in regulation of general cap-dependent translation or eIF4F complex formation. Instead, S83-phosphorylated δ-4E-BP1 preferentially localizes to mitotic centrosomes and peaks during metaphase. When S83 is substituted with alanine, 4E-BP1.S83A, to prevent δ-4E-BP1 formation, the Significance Eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) hyperphosphorylation is implicated in various cancers. Mammalian target of rapamycin (mTOR) targeting of canonical sites-Thr37, Thr46, Ser65, and Thr70-inhibits 4E-BP1 translation repression activity and promotes protein synthesis, which in turn leads to overexpression of several cellular oncoproteins. In addition to the canonical sites, cyclin-dependent kinase 1 (CDK1) phosphorylates 4E-BP1 at Ser83 during mitosis, which interestingly does not affect translation. Rather, this phosphorylation site is permissive for Merkel cell polyomavirus small T viral oncoprotein-induced cell transformation. These findings shed light on a previously unidentified role for mitotic 4E-BP1 in cancer cell growth. Multiple Cancer Cell Lines. 4E-BP1 has four discernible gel isoforms named α, β, γ, and δ based on ascending molecular weight and phosphorylation (25) . To determine the generalizability of δ-4E-BP1 expression during mitosis, six cell lines-HEK293, HeLa, HCT116, U2OS, U87, and U251-were arrested in prometaphase with nocodazole and examined for 4E-BP1 phosphorylation. Hyperphosphorylated δ-4E-BP1 was the predominant isoform in mitotic cells from all cell lines and is resistant to the mTOR inhibitor PP242 (Fig. 1A) . Asynchronous cells expressed mainly α, β, and γ 4E-BP1 isoforms that were sensitive to mTOR inhibition. Expression of α, β, and γ forms was variably detectable and sensitive to PP242 in nocodazole-arrested cells, which is consistent with nonmitotic cell contamination. In addition, flow cytometry revealed a correlation between phospho-4E-BP1 T37/T46 (p4E-BP1 T37/T46 ) and mitotic marker phospho-histone H3 S10 (pH3 S10 ), indicating that mitotic cells tend to have a high level of 4E-BP1 phosphorylation (Fig. 1B) . The phosphorylation of 4E-BP1 is hierarchical, with mTORdirected priming phosphorylations at T37 and T46 being essential for additional phosphorylations at T70 and S65 (26) . S65 phosphorylation is abundant in the γ-isoform in asynchronous cells, as well as the higher-molecular-weight δ-isoform during mitosis (Fig. 1A) . λ Phosphatase treatment collapses all 4E-BP1 isoforms to the unphosphorylated form (24) . These data are consistent with the δ-isoform having a unique phosphorylation site in addition to phosphorylations at other known sites. To identify additional phosphorylation sites responsible for the slower migration of the δ-isoform, HeLa and HEK293 cells arrested in mitosis, compared with asynchronous populations, were examined by LC-MS/MS-based quantitative phosphoproteome analysis. The phospho-S83 site represented by the digested peptide, 74 DLPTIPGVT(pS)PSSDEPPMEASQSHLR
99
, was quantitatively identified only in mitotic cells (Fig. S1 ).
To confirm that phosphorylation at S83 is a bona fide component of the δ-4E-BP1 isoform, a phospho-specific antibody was raised in rabbits by immunizing with a synthetic 4E-BP1 peptide having S83 phosphorylated [ 77 TIPGVT(pS)PSSDEP 89 ]. This antiserum is specific for phospho-S83 but also has weak reactivity to nonphosphorylated 4E-BP1 that requires preabsorption or peptide blocking to reduce. Rabbit antiserum was screened by immunoblotting against lysates from asynchronous and mitotic HEK293 cells expressing HA-tagged 4E-BP1 variants-WT, T37A/T46A, S65A/S101A, T70A, and S83A (Tables S1 and S2 ). Immunoblotting showed loss of reactivity against only 4E-BP1.S83A expressed in mitotic cells, confirming the specificity of the antibody (Fig. S2) . Phosphorylation of endogenous 4E-BP1 at T37, T46, S65, and T70 was present in α, β, and γ isoforms in asynchronous HeLa cells but not at S83 ( Fig. 2A ). S83 phosphorylation, however, was abundant only in the δ-4E-BP1 isoform of HeLa cells arrested with nocodazole. Reactivity of the δ-isoform with the other 4E-BP1 phospho-specific antibodies in the presence and absence of PP242 indicated that S83 phosphorylation occurs in addition to phosphorylation at other sites in δ-4E-BP1 and is resistant to mTOR inhibition. Asynchronous and mitotic HeLa cell lysates from Fig. 2A were also fractionated by 2D electrophoresis (Fig. 2B ). S83 phosphorylation of 4E-BP1 was detected on the slowestmigrating isoelectric focusing spot corresponding to δ-4E-BP1 (white arrowheads) and a second spot (black arrowheads) below it that is absent in p4E-BP1 T37/T46 staining. In addition, a 4E-BP1.T37A/ T46A priming-site mutant protein was phosphorylated at S83 but not at S65 in mitotic cells, indicating that phosphorylation at S83, in contrast to S65, may not be dependent on T37/T46 phosphorylation (Fig. 2C) . Furthermore, S83 phosphorylation of 4E-BP1 in mitotic cells was confirmed by flow cytometry staining with pH3 S10 and p4E-BP1 S83 antiserum. U2OS ( Fig. 2D ) and HeLa ( Fig. S3 ) cells showed p4E-BP1 S83 positivity exclusively for pH3 S10+ mitotic cells. When U2OS cells were arrested with nocodazole ( Fig. 2D) , mitotic cells formed a discrete p4E-BP1 S83+ /pH3 S10+ population, indicating that nearly all mitotic cells express the δ-4E-BP1 isoform.
We have previously shown that proline-directed, serine/threonine kinase CDK1 phosphorylates 4E-BP1 during mitosis at T37/T46, S65/S101, and T70, all of which share the minimal consensus S/T-P sequence (24, 27) . To determine whether CDK1 also phosphorylates S83, HeLa cells were arrested in G1 by L-mimosine treatment or in mitosis by nocodazole treatment and then treated with CDK1 active site inhibitor RO-3306, supplemented with MG132 proteasome inhibitor to prevent mitotic slippage (28, 29) . CDK1 inhibition by RO-3306 abolished S83 phosphorylation and δ-4E-BP1 formation, in addition to reducing phosphorylation at the other phosphorylation sites (Fig. 2E ). G1-arrested cells had low levels of phosphorylated 4E-BP1 that was sensitive to mTOR inhibition by PP242 but insensitive to RO-3306 (30) . To confirm whether CDK1 directly phosphorylates S83, recombinant GST-4E-BP1 was mixed with mitotic HeLa lysate in an in vitro phosphorylation assay. The mitotic lysate phosphorylated GST-4E-BP1 at S83, which was reversed by addition of RO-3306 but not PP242, VX-680 (pan-AURK inhibitor), or BI-6727 (PLK1 kinase inhibitor) (Fig. 2F) . Taken together, these findings demonstrate that CDK1 phosphorylates 4E-BP1 at S83 during mitosis.
S83-Phosphorylated 4E-BP1 Colocalizes with Centrosomes During
Mitosis and Peaks at Metaphase. S83 phosphorylation of 4E-BP1 in mitotic cells was also confirmed by immunofluorescence microscopy. Staining of HEK293 (Fig. 3A) , U2OS, HeLa, and U87 (Fig. S4 ) cells showed p4E-BP1 S83 positivity in all mitotic cells, which were also positive for pH3 S10 , with the exception of telophase cells whose chromosomes are decondensed and hence negative for pH3 S10 (31) . In addition to a diffuse staining pattern in mitotic cells, p4E-BP1 S83 also formed two distinct puncta near condensed chromosomes, which colocalized with centrosomal marker γ-tubulin as detected by confocal microscopy (Fig. 3B) . To show that this binding is phospho-specific, we performed a T37/T46 phosphorylation than interphase cells. Dual flow cytometry staining for pH3 S10 and p4E-BP1 T37/T46 was performed on asynchronous HEK293 (293), HeLa, U2OS, and U87 cells. Increased pH3 S10+ fluorescence was correlated to increased p4E-BP1 T37/T46+ fluorescence for all cell lines.
phospho-peptide competition assay for the staining (Fig. S5A ). These data suggest that a portion of p4E-BP1 S83 colocalize with centrosomes during mitosis. To further dissect the kinetics of mitotic 4E-BP1 S83 phosphorylation, asynchronous HEK293 cells were counted in each of the phases of mitosis (pH3 S10+ ) and in interphase (pH3 S10− ) based on their morphology and chromosome condensation. pH3 S10 is present throughout mitosis but declines in telophase (31), while p4E-BP1 S83 is low in prophase, peaks at metaphase, and also declines in telophase (Fig. 3C ). Cells were also stained for p4E-BP1 T37/T46 but did not exhibit substantial differences across most phases (Fig. S6) . binding pocket (33) (34) (35) (36) . If S83 phosphorylation destabilizes this auxiliary domain, it may affect 4E-BP1:eIF4E interaction and capdependent initiation and translation.
To assess this, in vitro translation reactions were performed using the TNT transcription/translation coupled system with a bicistronic reporter having a firefly luciferase gene driven by capdependent translation followed by a renilla luciferase gene driven by cricket paralysis virus (CrPV) internal ribosome entry site (IRES)-mediated translation. Recombinant GST-tagged 4E-BP1.S83A decreased cap-dependent translation to similar levels as WT GSTtagged 4E-BP1, and CDK1 phosphorylation of this protein rescued translation (Fig. S7A) . GST-4E-BP1.T37A/T46A having substitutions at priming sites inhibited translation despite CDK1 treatment. IRES-mediated translation, however, was unaffected by GST-4E-BP1 as expected (Fig. S7B) . Similarly, 4E-BP1.S83A had no detectable effect on 7-methylguanosine 5′-triphosphate (m 7 GTP) cap resin pull-down assays compared with WT 4E-BP1 protein (37) . Compared with WT 4E-BP1, S83A (or phosphomimetic mutants S83D and S83E), did not differ significantly in binding cap-bound eIF4E and did not significantly affect cap-complex formation, as measured by eIF4G and eIF4A pull-down (Fig. 4A) . Unlike 4E-BP1.S83A, phosphorylation-defective and raptor-binding mutants (T37A/T46A and I15A/F114A) efficiently inhibited eIF4G binding to eIF4E and in vitro cap-dependent translation (32, (38) (39) (40) , suggesting that S83 phosphorylation does not play a significant role in general cap-dependent translation regulation.
MCV sT transforms Rat-1 and NIH 3T3 cells through a previously unidentified mechanism initiating mitotic 4E-BP1 phosphorylation that can be reversed by expression of a constitutively active 4E-BP1.T37A/T46A mutant (24, 41) . To determine whether S83 phosphorylation is required for the transformation activity of this viral oncoprotein, we performed foci formation assays with Rat-1 coexpressing MCV sT and 4E-BP1 variants (Table S2) . Cells were first stably transduced with empty vector, WT 4E-BP1, 4E-BP1. T37A/T46A, 4E-BP1.I15A/F114A, or 4E-BP1.S83A, followed by transduction with empty vector or MCV sT. MCV sT transformed Rat-1 cells expressing either empty vector control or WT 4E-BP1, and this was reversed by coexpression of nonphosphorylatable 4E-BP1.T37A/T46A and 4E-BP1.I15A/F114A mutant proteins (Fig.  4B) . 4E-BP1.S83A mutant expression partially but reproducibly S83 rabbit antiserum detects S83 phosphorylation in mitotic δ-4E-BP1. HeLa lysates from asynchronous and nocodazole arrest conditions were immunoblotted with p4E-BP1 S83 antiserum. p4E-BP1
S83
was found only in the δ-4E-BP1 isoform in mitotic cells and was resistant to mTOR inhibition by PP242. (B) HeLa cell lysates from A were fractionated by isoelectric focusing (pH 3-6), followed by immunoblotting with phospho-specific and total 4E-BP1 antibodies. White arrowheads indicate the isoelectric focusing spot corresponding to δ-4E-BP1, and black arrowheads indicate a second spot revealed by p4E-BP1 S83 staining. (C) Priming-site mutation of T37/T46 to alanine does not inhibit S83 phosphorylation during mitosis. WT and T37A/T46A mutant HA-4E-BP1 expression plasmids were transfected into HEK293 cells. Cells were arrested for 20 h with DMSO or nocodazole 48 h after transfection. Cells were treated at 16 h with mTOR kinase active site inhibitor PP242 (5 μM) for 4 h. Mutation of 4E-BP1 at T37/T46 blocked S65 phosphorylation but did not prevent S83 phosphorylation during mitosis. (D) pH3 S10+ mitotic cells are positive for 4E-BP1 S83 phosphorylation. Dual flow cytometry staining for pH3 S10 and p4E-BP1 S83 was performed on asynchronous and nocodazole-arrested U2OS cells. pH3 S10 fluorescence was correlated to p4E-BP1 decreased sT-induced transformation to ∼51% of empty vector control and ∼66% of WT 4E-BP1. Immunoblotting of lysates from these cells show comparable protein levels of WT 4E-BP1 and 4E-BP1.S83A; therefore, the negative effect on foci formation did not result from enhanced expression of the latter (Fig. S8) . Low protein levels were predictably observed for 4E-BP1.T37A/T46A and 4E-BP1.I15A/F114A mutants because they inhibit their own translation.
Discussion
During mitosis, 4E-BP1 is hyperphosphorylated, rendering it inactive as a cap-dependent translation gate keeper (24) . Our current studies show that S83-phosphorylated δ-4E-BP1 is specific to mitosis and is a result of CDK1 activity. When S83 is mutated to a nonphosphorylatable alanine, no changes in capbinding or cap-dependent translation were detected. Instead, loss of this phosphorylation site partially reverses cell transformation caused by the MCV small T oncoprotein. Unlike α-γ phosphorylated 4E-BP1 isoforms, δ-4E-BP1 accumulates at centrosomes during mitosis. Unlike 4E-BP1 phosphorylation by mTOR kinase at canonical sites, CDK1 phosphorylation of 4E-BP1 at S83 may lead to a gain-of-function for this hyperphosphorylated protein. We only find evidence for S83 phosphorylation and accumulation of the δ-4E-BP1 isoform during mitosis. Previous studies suggesting that S83 phosphorylation can occur in adipocytes treated with insulin (5) are best explained by increased mitogenesis rather than direct kinase signaling. We find in recombinant protein enzyme assays that CDK1/ CYCB directly phosphorylates 4E-BP1, but it is possible that other CDK1 partners (e.g., CYCA) may also direct 4E-BP1 hyperphosphorylation. S83 staining colocalizes with γ-tubulin staining to centrosomes in mitotic nuclei of HEK293 cells. Asynchronous HEK293 cells were fixed and dual-stained with p4E-BP1 S83 antiserum (green) and γ-tubulin (red) antibodies. Nuclear DRAQ5 stain is shown in blue. Stained cells were observed by confocal microscopy for colocalization studies. (C) 4E-BP1 S83 phosphorylation peaks at metaphase and declines in telophase. Asynchronous HEK293 cells were fixed and dualstained with p4E-BP1 S83 antiserum (green) and pH3 S10 (red) antibodies. Nuclear DAPI stain is shown in blue. Cells in interphase and in different phases of mitosis (prophase, metaphase, anaphase, and telophase) were identified by morphology and chromosome condensation. Intensity of p4E-BP1
S83 staining for cells in each phase was quantified by ImageJ. Thirty cells for each phase were quantified, and averages for three independent experiments with SEM are shown. GTP coupled Sepharose beads, precipitated, and immunoblotted. S83A, S83D, and S83D mutants did not differ from WT 4E-BP1 in their binding to cap-bound eIF4E and did not affect eIF4G and eIF4A association to eIF4E. HA-4E-BP1 phosphorylation mutant T37A/T46A and raptor-binding mutant I15A/F114A reduced eIF4G and eIF4A binding, whereas the opposite pattern was found for negative control phosphomimetic mutant EEEE. Comparable amounts of eIF4G and eIF4A were pulled down with m 7 GTP beads for both asynchronous and mitotic cells. (B) A representative foci formation assay with the MCV sT viral oncoprotein in Rat-1 cells stably expressing HA-tagged 4E-BP1 WT, T37A/T46A, I15A/ F114A, and S83A mutants, and empty vector (Table S2) . Foci formed 2 wk after MCV sT lentivirus transduction were stained with 0.5% crystal violet. Crystal violet staining intensity was measured using the LICOR infrared scanner. For each stable cell line, crystal violet staining intensity of empty vector-transduced cells was subtracted from that of sT-transduced cells, and relative intensity to empty vector control was determined for each HA-4E-BP1 mutant. Results are mean ± SD from three independent experiments. One-sided t test was performed to determine significance.
Our findings confirm previous studies showing δ-4E-BP1 expression in multiple cell lines synchronized in mitosis by chemical or mechanical means (16, 42) . Treatment with nocodazole, a microtubule-destabilizing drug, induced δ-4E-BP1 across all cell lines. Although mTOR inhibition by PP242 eliminates most phosphorylated 4E-BP1 isoforms in asynchronous cells, it does not affect δ-4E-BP1. The appearance of α, β, and γ forms of 4E-BP1 in nocodazole-arrested cells is likely due to interphase cell contamination resulting from differences in synchronization efficiency between cell lines, which would explain their sensitivity to PP242 treatment. As predicted by immunoblotting, flow cytometry analysis of all cell lines tested shows that pH3 S10+ mitotic cells exhibit higher levels of p4E-BP1 T37/T46+ than pH3 S10-interphase cells. Because of its low abundance in asynchronous cells, S83 phosphorylation has not been thus far amenable to investigation in contrast to the canonical mTOR-regulated sites-T37, T46, S65, and T70 (5). We hypothesized that δ-4E-BP1 from mitotic cells has additional phosphorylation sites that have been missed in previous analyses where mitotic cells comprise less than 1% of all cells in bulk culture. We subjected interphase (mitosis-depleted) and mitotic (mitosis-enriched) HeLa and HEK293 cells for MS analysis and identified S83 phosphorylation exclusively in mitotic cells. Mutation of mTOR priming sites T37A/T46A did not inhibit S83 phosphorylation in mitotic cells, suggesting that S83 targeting may not rely on mTOR activity as also evidenced by PP242-mediated mTOR inhibition. Our epitope-tagged 4E-BP1 construct does not migrate the same way as endogenous 4E-BP1 and makes it difficult to assess each phospho-isoform discretely. Nonetheless, we are confident that the highest molecular weight form of HA-tagged 4E-BP1 induced during mitosis represents δ-4E-BP1.
By generating a polyclonal antibody against p4E-BP1 S83 , we were able to confirm that δ-4E-BP1 is phosphorylated at S83 and that this antibody can be used as a mitotic marker for immunoblotting, immunofluorescence, and flow cytometry. We were also able to localize a portion of S83-phosphorylated 4E-BP1 at the centrosomes consistent with a previous report, which shows that 4E-BP1 knockdown leads to multipolar spindles and misaligned chromosomes (23) . Further, S83 phosphorylation increased from prophase to metaphase and decreased thereafter, which is in agreement with nocodazole prometaphase synchronization results and with the timing of CDK1 activity (27) .
The p4E-BP1 S83 antibody also enabled us to determine that CDK1 is the first kinase known to phosphorylate 4E-BP1 at the five phospho-residues (T37, T46, S65, T70, and S83) conserved in both 4E-BP1 and 4E-BP2 (2). The polyclonal p4E-BP1 S83 antiserum has cross-reactivity against nonphosphorylated S83 that requires preabsorption or peptide blocking, which would explain why unreacted GST-4E-BP1 can still be detected in our in vitro phosphorylation assays. However, the substantial increase in p4E-BP1 S83 signal in ATP-supplemented reactions confirms our in vivo results. Epitope competition assay with dephosphorylated GST-4E-BP1 also shows that the antiserum is specific for S83-phosphorylated 4E-BP1 (Fig. S5B) . Nevertheless, all immunofluorescence colocalization studies were performed using antiserum preabsorbed with nonphosphorylated peptide 77 TIPGVTSPSSDEP 89 . Others have reported and established modulation of capdependent translation through 4E-BP1 phosphorylation at mTORtargeted sites. Using in vitro translation and m 7 GTP cap-affinity pulldown assays, we do not find general cap-dependent translation regulation by 4E-BP1 S83 phosphorylation. Although we did not find S83 phosphorylation affecting general cap-binding or capdependent translation, we cannot exclude the possibility that an mRNA subpopulation is regulated by S83-phosphorylated 4E-BP1, such as terminal oligopyrimidine tract (TOP)-containing mRNAs that are reported to be translationally active during mitosis (43) . A recent study shows that the interaction between the C-terminal loop with eIF4E is required for eIF4F complex formation and translation repression in vivo using 4E-BP1 truncation mutants, which, in light of our results, prompts the examination of other loop residues (36) . Expression of full-length 4E-BP1 constructs with mutations at canonical and noncanonical eIF4E binding motifs would provide robust evidence for this phenomenon in cells.
Overexpression of constitutively active 4E-BP1 or 4E-BP2 antagonizes cell transformation induced by eIF4E, v-Src, H-Ras, and MCV sT, indicating that 4E-BP1 acts as a tumor suppressor (41, 44, 45) . Expression of S65A and T70A have also been reported to decrease cloned rat embryo fibroblast (CREF) colony formation, but these results were not confirmed in the presence of an oncogene (46) . Our work showing partial reversal of sT-mediated foci formation indicates that the 4E-BP1 phosphorylation site S83 contributes to that MCV sT cell transformation activity. sT transformation is eliminated by a raptor-binding mutant of 4E-BP1 (38) (39) (40) , suggesting that mTOR and CDK1 cooperatively promote sT-induced cell transformation. These findings hint at the possibility that this residue is also permissive for cell transformation induced by other oncoproteins that promote mitogenesis.
Hyperphosphorylation of 4E-BP1 in various cancers has been strongly suggestive of uncontrolled protein synthesis. However, our study provokes a reassessment of the role of 4E-BP1 in cells, particularly during mitosis. It is possible that the S83-phosphorylated δ-4E-BP1 isoform has a previously undescribed gain-of-function role in mitosis.
Materials and Methods
No human subjects were used in experiments and the rabbit anti-phosphoSer83 polyclonal antibody was generated against the 4E-BP1 synthetic peptide (see below) by Rockland Immunochemicals Inc. Plasmids, antibodies, primers, and standard methods are described in SI Materials and Methods.
Cell Cycle Synchronization. HeLa, HCT116, U2OS, HEK293 (ATCC), U87, and U251 cells (obtained from H. Okada, University of California San Francisco, San Francisco, CA) were synchronized as previously described (24) .
Kinase Inhibitors. Active site kinase inhibitors were used in cell culture as follows: 5 μM PP242 (mTOR) and 9 μM RO-3306 (CDK1). Proteasome inhibitor MG132 (10 μM) was coincubated with RO-3306 for in vivo CDK1 inhibition. PP242, RO-3306, VX-680 (AURK), and BI-6727 (PLK1) kinase inhibitors were used at 5 μM for in vitro phosphorylation assays.
Phospho-Ser83 4E-BP1 Polyclonal Antibody Production. Rabbits were immunized with 4E-BP1 synthetic phospho-peptide 77 TIPGVT(pS)PSSDEP
89
. Antiserum was periodically collected after multiple immunization boosts.
Flow Cytometry. Asynchronous U2OS, U87, HeLa, and HEK293 cells were trypsinized, fixed in 10% buffered formalin, and permeabilized with 0.1% saponin in 1% FBS/PBS for 15 min at room temperature. Cells were stained with p4E-BP1 T37/T46 antibody or rabbit IgG control antibody for 3 h at room temperature. After washing three times with 1% FBS/PBS, cells were reacted with anti-rabbit Alexa 488-labeled IgG (Invitrogen) for 1 h at room temperature. For phospho-histone H3 S10 staining, cells were permeabilized with 1% FBS/PBS containing 0.25% Triton X-100 for 3 min at room temperature. Alexa 647-labeled pH3 S10 antibody (Cell Signaling) or control Alexa 647-labeled rabbit IgG (Cell Signaling) was reacted with cells for 1 h at room temperature. After washing three times with 1% FBS/PBS, DNA was stained with 1% FBS/PBS containing 50 μg/mL propidium iodide (PI) and 40 μg/mL RNase A (Sigma) for 30 min. For p4E-BP1 S83 flow cytometry analysis, U2OS and HeLa cells were treated with growth medium containing 0.5 μM nocodazole or DMSO for 20 h. p4E-BP1
S83
antiserum or preimmune serum in 1% FBS/PBS was used. Cells were analyzed by the BD Accuri C6 cell analyzer (BD Biosciences).
MS. HeLa cells were disrupted, and proteins were tryptically digested, phosphopeptide enriched, TMT10 labeled, and high mass accuracy LC-MS/MS analyzed as previously described (47) . Variations include use of TMT10 instead of iTRAQ labeling, cell lysate vs. tissue disruption, and use of Q Exactive Orbitrap MS. HEK293 cell LC-MS/MS analyses were performed identically, except for quantitation that used label-free approaches as previously described (48) .
2D Electrophoresis. HeLa cells were lysed in nondenaturing lysis buffer supplemented with protease inhibitors (Roche). Lysates were isoelectrically focused as previously described (24) .
In Vitro Protein Phosphorylation Assay. Recombinant GST-4E-BP1 was incubated in a reaction containing 1× protein kinase buffer (NEB) and mitotic HeLa cell lysate as previously described (24) .
Immunofluorescence. HEK293, HeLa, U2OS, or U87 cells (0.3 × 10 6 ) were seeded onto poly-L-lysine-treated glass coverslips. The next day, cells were washed with ice-cold 1× PBS and fixed with 2% paraformaldehyde for 15 min at room temperature, followed by permeabilization with cold MetOH for 10 min at −20°C. Cells were blocked with 10% normal goat serum (Cell Signaling) for 1 h at room temperature and then stained with p4E-BP1 S83 antiserum preabsorbed with unphosphorylated 77 TIPGVTSPSSDEP 89 , together with γ-tubulin or phospho-histone H3 S10 antibodies (Cell Signaling) for 2 h at room temperature. Cells were then washed with cold 1× PBS three times for 5 min each and incubated with Alexa 488-labeled anti-rabbit secondary antibody and Alexa 568-labeled anti-mouse antibody (Invitrogen) at room temperature for 1 h. Cells were examined by fluorescence microscopy (Olympus). Confocal microscopy was performed with Leica TCS SP2 upright confocal microscope. Intensity of fluorescence staining was measured by ImageJ (NIH). GTP Cap Binding Assay. HEK293 cells were lysed in nondenaturing lysis buffer supplemented with protease inhibitors (Roche). Lysates were incubated with m 7 GTP Sepharose beads (Jena Bioscience) as previously described (24) .
Foci Formation Assays. To determine viral titer and establish stable cell lines, Rat-1 cells were infected with pLVX EF HA-4E-BP1 lentiviruses and selected with puromycin (2 μg/mL). Rat-1 cells stably expressing various HA-4E-BP1 proteins were infected with pLVX EF MCV sT lentivirus and grown for 2 wk in six-well plates. Foci were stained with crystal violet (0.025% in 1× PBS), and plates were photographed and scanned with an Odyssey scanner (LI-COR) for quantification.
